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We have investigated the suitability of tissue discs as 
an experimental system to determine carbon flux in sug-
arcane. Whilst the number of cells per tissue disc 
derived from young and older internodes differed large-
ly, the protein content per cell of the discs was constant 
and is, therefore, most probably the best unit to accu-
rately express metabolic flux, No significant changes in 
the glucose, fructose and sucrose pools within the tis-
sue discs occurred during a 3h labelling period, which 
suggests that the uptake of sugars from the medium 
was adequate to balance the demand by the tissue, This 
also suggests that no major disturbances in the in vivo 
Introduction 
The ripening of sugarcane (Saccharum officina rum) is asso-
ciated with an increase in sucrose concentration in mature 
stalk tissue (Glasziou and Gayler 1972). This phenomenon 
has been extensively studied in the past (Moore 1995 and 
references therein). Most of these studies have concentrat-
ed on aspects such as sugar levels and some of the 
enzymes involved in primarily sucrose synthesis and break-
down. Despite these numerous investigations, the biochem-
ical basis for sucrose accumulation in sugar-cane is still 
poorly understood. Further progress in understanding the 
processes that are involved in controlling sucrose accumu-
lation in the sugarcane culm will be dependent on more 
insight into metabolic fluxes in the tissue. 
It is extremely difficu lt to investigate any aspect of metab-
olism in the internodal tissue of the sugarcane culm. This is 
due to the hard rind , fibrous nature of the tissue and size of 
(more than two meters long and several centimetres thick) of 
the culm. Since the whole culm constitutes a storage organ , 
it cannot be sampled for analysis without sacrificing the 
entire plant (Moore 1995). As an experimental system it, 
therefore, presents the researcher with several limitations 
and studies on intact material have been few. In order to 
overcome these problems two different approaches have 
been followed. Firstly, the use of ti ssue discs of internodal 
tissue (Bieleski 1962, Glasziou 1961 , Sacher et al. 1963, 
Hawker 1965, Hawker and Hatch 1965, Bowen 1972, 
Bowen and Hunter 1972. Glasziou and Gayler 1972). 
metabolism occurred. During a 3h labelling period the 
rate of 14C02 release became linear, indicating that the 
system was approaching isotopic steady state between 
the external and internal glucose pool, and the respira-
tory processes involved in C02 release. Despite this 
observation, the specific activity of the internal glucose 
pool was much lower than that of the external glucose 
pool. This is probably as a result of the intracellular 
compartmentation of glucose, with most of it present in 
a sub-cellular compartment making a small contribution 
in the provision of substrate for respiration. 
Secondly, cell suspension cultures derived from callus mate-
ria l have been used (Maretzki and Thorn 1972, Komar et al. 
1981 , Wendler et al. 1990, Goldner et at. 1991). 80th these 
systerns allow a detailed analyses of metabolism, through 
the use of short-term radiolabelling experiments, but have 
been extensively criticised in the past. 
Some limitations of the tissue disc system , which have 
been pOinted out previously, include: wound reactions 
caused by tissue sliCing, long diffusion pathways of labelled 
sugars in tissue discs and the inability to repeatedly and pre-
cisely associate a morphological stage of internode devel-
opment with sucrose levels (Moore and Maretzki 1996). 
Sugarcane cell suspension cultu res show atypical sucrose 
metabolism , at 1-6% of total carbon allocated to sucrose 
(Veith and Komar 1993) compared wi th 66% in tissue discs 
of mature sugarcane tissue (Whittaker and 80tha 1997). 
Furthermore, vacuolization is 40% lower in cell suspension 
cultures than in culm tissue (Komar 1994), potentially alter-
ing the correlation of enzyme activity with sucrose metabo-
lism from that found in viva (Ebrahim et al. 1999). 
In the light of this it would appear that the tissue.disc sys-
tem best approximates the intact sugarcane culm despite its 
limitations. Careful selection of osmotic conditions of the 
incubation medium (Lingle 1989) and washing after wound-
ing (Lingle 1989, Whittaker and Botha 1996) have made a 
significant contribution to negate some of the potential prob-
lems associated with tissue discs. Short-term labell ing 
South Afncan Journal of Botany 200 1. 67 244-249 
experiments on tissue-discs, (Botha et al. 1996, Whittaker 
and Botha 1997, Vorster and Botha 1999) can also help to 
reduce possible disruption of metabolism caused by deple-
tion of substrates after long incubation periods. 
A prerequisite for the quantification of fluxes in metabolic 
pathways in vivo using labell ing experiments and subse-
quent mathematical modell ing is a system that approximates 
an inlernal steady state (Salon and Raymond 1988). A 
requirement for experimental steady-state conditions is the 
equilibration of internal metabolic pools with the substrate in 
the external medium. The time necessary to reach steady-
state depends on the ratio of metabolic fluxes to the pool 
sizes of intermediates, such that the greater this ratio, the 
more rapidly steady state is reached (Salon and Raymond 
1988) . It is, therefore, possible that in a short-term uptake 
experiment uptake might be so slow that isotopic steady 
state may only be reached at a later stage. None of the 
above-mentioned parameters have previously been 
analysed in the sugarcane tissue disc system. 
Comparison of data from previous studies is difficult as 
researchers have used fresh mass, a whole tissue disc 
basis (Glasziou 1960, Bieleski 1962, Sacher et al. 1963, 
Bowen 1972, Bowen and Hunter 1972, Gayler and Glasziou 
1972) or total protein content (Whittaker and Botha 1996, 
Vorster and Botha 1999) to normalise data. The number of 
cells per internode reaches a maximum early in internode 
development, with later expansion of the internode being 
due to cell elongation (Komor 1994, Botha et al. 1996). It is, 
therefore, evident that cell number per tissue disc will differ 
largely. 
An aim of the study was to determine the relationship 
between to tal protein content and cell number in sugarcane 
tissue . Here we report that the protein content per cel l for tis-
sue discs derived from different internodes is constant. 
Therefore, it is proposed that the preferable unit to express 
metabolism is tissue protein content. In addition, the stabili-
ty of internal sugar pools was assessed during a 3h labelling 
peri od and were found to remain constant. A further goal of 
the study was to determine whether the tissue reached iso-
topic equilibrium within a 3h experiment. The release of CO, 
profiles from [U-" C)-glucose indicated that the external and 
internal (cytosolic) pools of glucose approached isotopic 
steady state. 1t was also evident that at least two separate 
pools of hexoses are present in the tissue. 
Materials and Methods 
Biochemicals 
All coupling enzymes, cofactors and substrates used for 
sugar determinations were purchased from Sigma-Aldrich 
SA (Ply) Ltd. (PO Box 1460, Brackenfell, 7561 , South Africa) 
or Roche Biochemicals (9 Will Scarlet Road , Randburg , 
21 25 , South Africa). The [U -" C)-glucose was from 
Amersham International (PO Box 23298, Claremont, 7735 , 
South Africa). Sep-pak 1ml (100mg) Alumina A and TC - 18 
cartridges were purchased from Waters Corporation (34 
Maple Street. Milford , Massachusetts, 01757 , USA). All 
other solvents and biochemicals were of analytical grade. 
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Tissue selection and processing 
Mature, non-flowering sugarcane plants of varieties N19 
were randomly sampled between 09:00 and 10:00 from 
Elsenburg experimental farm in Stellenbosch, South Africa. 
The natural break-point of tile sugarcane stalk was defined 
as internode 3 and was representative of immature tissue . 
Internodes below this point were numbered sequentially. 
Internodes selected for analysis were excised and longitudi-
nal cores were sectioned from tissue mid-way between the 
core and periphery of the internode, using a cork borer 6mm 
in diameter. One mm slices were sectioned using a hand 
microtome, from internodes 3, 5 and 9, representing tissues 
at different stages of maturity. For the determination of cell 
number per tissue disc, transverse sections were cut from 
discs, stained with 0.05% (m/v) toluidine blue and viewed 
under light microscope. Repeated counts were made for cell 
number across a 1 x 1 mm section and total cell number was 
then estimated for a calculated disc volume. Protein in the 
tissue was assayed according to the method of Bradford 
(1976) , using gamma-globulin as a standard. For a given tis-
sue section, 88% of the total surface area was parenchyma 
cells and xylem and phloem tissue constituted 10% and 2% 
respectively. Thus, total protein was assumed to be primari-
ly from parenchyma cells. 
Radiolabelling experiments 
In metabolic studies, sectioned tissue discs were immedi-
alely placed in 50ml buffer containing 25mM K-Mes (pH 5.7) , 
250mM mannitol and 1mM CaCI, (Lingle, 1989) and then 
washed for 1Smin. Excess buffer was removed from tissue 
discs, 20 of which were then transferred to 1.5ml buffer con-
tain ing 25mM K-Mes (pH 5.7), 250mM mannitol in 250ml 
Erlenmeyer flasks (Lingle 1989). For radiolabelling experi-
ments, 5mM glucose, 5mM fructose and [U-" C)-glucose was 
included in the inCUbation buffer, giving a final specific activ-
ity of 23Bq.nmol '. The osmotic potential (-800kPa) of the 
incubation buffer was determinded using a 1..1 Osmette 
osmometer (precision Instruments). For experiments with 
unlabelled sugars 5mM glucose and fructose alone were 
added to the incubation medium. Discs were vacuum-infil-
trated for approximately 5 seconds and the flasks were 
sealed with rubber stoppers. Samples were incubated fo r 3 
hours on a rotary shaker at 115rpm. '·C02 released over the 
incubation period was collected in 500~ 1 12% (m/v) KOH 
contained in a central well . An aliquot of the incubation buffer 
was diluted to 1:4 with Ultima Flo TM M scintillation cocktail , 
and counted 5min in a Beckman LS 1801 scintillation count-
er to determine total HC uptake. After incubation, discs were 
washed three times (2min) in 15ml ice-cold 1% (m/v) CaCI,. 
The first two washes removed 98% of unincorporated label. 
Extraction of sugars 
Discs were transferred to 20ml 80% (v/v) EtOH in sealed 
50ml centrifuge tubes and incubated in an 80°C water-bath 
overnight. The extracts were centrifuged 12 OOOg in a 
Sorval l SLA-600TC rotor for 15min at 25°C. The EtOH-solu-
ble supernatant was removed and reduced completely in a 
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vacuum centrifuge at 25°C. Extracts were resuspended in 
HPLC-grade H,O. The average recovery of label was 84%, 
97% and 95% for internodes 3, 6 and 9 respectively. 
Separation of " C-sugars by HPLC 
For Ihe determinalion of " C -labelled sugars by HPLC, sam-
ples were passed through Alumina A and TC-18 cartridges in 
tandem. Sugars were fractionated by HPLC (Shimadzu 
SCL-10AVP system) . Samples labelled with [U-"C]-glucose 
were separated using a SupelcoTI,I LC-NH2 column , over 20-
2Smm with 80% (v/v) acetonitryl al 1.2ml min" . " C in glu-
cose, fructose and sucrose was determined by liquid scintil-
lation spectroscopy (Radiomatic A-500 inline radio-chro-
matography detector) . Peak elution times were obtained 
using standards of [U-" C)-glucose, [U-"C]-fructose and [U-
"C)-sucrose. The peak areas of the sugars fractionated by 
HPLC were integrated using a Shimadzu Class-VP software 
package. 
Enzymatic assay of total sugar content 
Unlabelled sucrose, glucose, fructose were assayed accord-
ing to the procedure of Bergmeyer and Bernt (1974). 
Aliquots of the samples were pi petted into the wells of a 
microplate. The production of NADPH was measured al 
340nm atter the sequential conversion of glucose with 0.6U 
hexokinase and 0.3U glucose-6-phosphate dehydrogenase. 
This reaction was carried out for 1Smin at 25°C in with 
O.SmM NADP, 1.8mM ATP in triethanolamine buffer (pH 7.6) . 
Glucose from sucrose was assayed following hydrolysis with 
47U mi" invertase in citrate buffer (pH 4.6) for 10min at 
37°C. Fruclose was converted to glucose with S.6U mi" 
phosphoglucose isomerase for assay. The recovery of stan-
dard samples of sucrose glucose and fructose was 108 ± 
4% 105 ± 0.4% and 100 ± 2% respectively. 
Statistics 
A minimum of three replicates were performed for each 
experiment. Statistical analysis used to compare data were 
linear regression analysis and the student t-test. 
Results 
Number of cells, fresh mass and protein content of 
discs 
A direct count of cells in tissue-disc sections was carried out 
and expressed as 106 cells per unit fresh mass. This value 
decreased markedly as the tissue matured (Table 1), which 
is consistent with previous observations that growth in the 
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internodes during internodal maturation is primarily due to 
cell enlargement. On average, there was an 8-cell per mm 
layer in discs derived from the youngest internode and this 
decreased to approximately 5 per mm in mature-tissue 
discs. Protein content per unit fresh mass also decreased 
with lissue malurity (Table 1). However, values of prolein 
content expressed on a cell basis, showed no significant dif-
fe rences as estimated by a student t-test (P ; 0.05) (Table 
1). This most probably implies that cell enlargement is due 
to an increase in the vacuolar volume. 
Maintenance of internal sucrose, glucose and fructose 
pools 
Concentrations of sucrose, glucose and fructose in tissue 
discs were determined prior to labell ing and at the end of a 
three-hour incubation in buffer containing 5mM glucose and 
fructose. A paired (-test of the sugar concentrations before 
and after incubation revealed that no significant change 
occurred in both immature and mature internodes (n = 5, P 
; 0.05). A paired t-test indicated that no significant change in 
the specific activity of the labelling medium occurred in the 
labelling period (n ; 3, P ; 0.05). Following feeding with [U-
14C]-glucose, no labelled sucrose or fructose were returned 
to the medium. Firstly, this indicates that synthesis and/or 
breakdown of sucrose did not occur in the medium as a 
result of the release of cell canstituenls from cell breakage. 
Secondly, it demonstrates that leakage of sucrose and fruc-
tose from the cells is occurring at a slow rate. 
Uptake of sugar and metabolism of labelled glucose 
The uptake of glucose by the tissue discs (on a fresh mass 
or tissue disc basis) was much higher in young than in older 
inter-nodes (Table 2). The lissue discs from the young 
internodes took up 24% of the supplied glucose and in 
inlernode 9 discs this value was only 10% (Table 2) . Thus in 
internode 3, lotal uplake 10 Ihe tissue was highest, giving a 
final external glucose concentration of 4mM. However, 
expression of uptake on a protein basis showed that the 
highest uptake occurred in the internode 6 cells (Table 2). It 
is Ihis region of the culm that also exhibits the highest rate 
of sucrose accumulation (Hartt 1963, Whittaker and Botha 
1997) . The uptake of isotope during the labelling period was 
linear for al l the internodal tissue (result not shown). This 
clearly shows that even in internode 3, with external glucose 
at 4mM, the glucose Iransport-system is saturated, i.e. it is 
functioning at Vmax. This is in agreement with previous find-
ings, which reported Km values for glucose uplake at 2mM 
for discs from immature sugarcane tissue (Gayler and 
Glasziou 1972) and 0.2SmM in sugarcane cell suspension 
cultures (Komar e( al. 1981). 
Table 1: Cell number and protein content in tissue discs (1 disc = 38mml; n = 3) 
Internode number 
3 
5 
8 
1 ()Io cells disc ' 
0.07 ± 0.01 
0.02 ± 0.004 
0.02 ± 0.002 
105 cells 9 fresh wt·, mg protein 9 fresh wt 1 mg protein l OG cells I 
2.30 ± 0.21 5 .96 ± 0.59 2.62 ± 0 ,48 
0.52 ± 0.07 1.58 ± 0.07 3.07 ± 0.28 
0.52 ± 0.09 1.80 ± 0.14 3.58 ± 0.82 
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Table 2: Tota l uptake of glucose after 3h tncubation in 23Bq nmol ' glucose (1 disc = 39mm': n = 3) 
Uptake of glucose 
Internode number (% uptake of tota l isotope) (nmol 20 discs·' min ') (nmol g fresh wt·' min ') (nmol mg protein ' min ') 
3 
6 
9 
23.85 ± 226 
16,77 ± 2.15 
10 .51 ± 0.41 
963± 1.02 
6.47 ± 0.80 
3.89 ± 0.1 4 
14.42 ± 1 09 
9. 13 ± 1.32 
5.22 ± 0.17 
8.77 ± 0.64 
12.12 ± 2.23 
7.29 ± 0.95 
The pattern of C02 release initially increased exponential-
ly, but apparently became linear after 90min in internode 4 
tissue, and after 60min in internode 9 (Figure 1 A,B). This 
was confirmed by a linear regression analysis on the rate 
after 90 and 60 minutes in the respective tissues. For the 
internode 4 tissue an R'= 0.956 (P <0.001 , n = 21) and for 
internode 9 tissue an R' = 0.964 (P = 0.00 1, n = 15) was 
found. The rate of 1~C02 on a disc basis was 10 times high-
er in young internodal tissue than in mature (internode 9) 
(Figure 1 A, B). However, when expressed on a protein 
basis, Ihis difference was only 3-fold. 
The specific activity of endogenous glucose var ied 
between internodes and was significantly lower than the 
external glucose specific activity (Table 3) . The specific 
activily of sucrose was 18-fold higher than that of glucose in 
internode 3 tissue (Table 3). In internode 9 the reverse was 
apparent. The sucrose content of the tissue increased to 45-
fold than found in internode 3, resulting in a sucrose specif-
ic activity 3 times lower than that of glucose (Table 3). 
Discussion 
Units for the measurement of metabolism 
The correlation of protein content and cell number in intern-
ode discs indicates that protein content can be used to rep-
resent cellular metabolism more accurately than fresh mass. 
Various measures have been used for expression of meta-
bolic data in sugarcane, namely: dry mass (Veith and Komar 
1993, Botha et al. 1996; Whittaker and Botha 1997, Lingle 
1999), fresh mass (Glasziou 1961 , Sacher et al. 1963, Batta 
and Singh 1986, Wendler et al. 1990, Goldner et al. 1991) , 
protein content (Whittaker and Botha 1997, Varster and 
Botha 1999) or on a whole-internode basis (Botha et al. 
1996, Lingle 1999), which have produced conflicting results. 
This discrepancy is apparent in the representation of glu-
cose uptake and ! ~ C release on a disc basis (fresh mass) or 
per mg protein. A study by Glasziou (1961) showed that glu-
cose uptake expressed on a dry mass basis decreased with 
tissue maturily. The data presented here show a similar 
trend on a fresh mass basis. However, the differing pattern 
produced by representing glucose uptake on a protein basis 
suggests that maximal glucose uptake occurs during elon-
gation , rather than in immature tissue . This is in agreement 
with the finding that maximal sucrose accumulation takes 
place at th is stage (Whittaker and Botha 1997). Similarly, the 
expression of '4C02 release on a tissue disc (fresh mass) 
basis would give a large overestimation of the reduction in 
respiratory carbon flow that occurs during internodal matu-
ration. 
Establishment and maintenance of steady state conditions 
Under steady state conditions , all reactions in the pathway 
proceed at the same rale and all metabolite contents and 
enzyme activities are time-invariant over the period of study 
(ap Rees and Hill 1994). It is virtually impossible to reach 
isotopic steady state in a reasonably short period in a tissue 
like sugarcane , where a large portion of the sugars are prob-
ably in the vacuole. The release of 1~C02 , as expected, ini-
tially accelerated since the intermediate pools in the gly-
colytic pathway sequentially accumulate label. As these 
pools approach isotopic equilibrium with the feeding pool of 
radiolabelled glucose, the rate of l~COl release becomes 
constant. The very rapid attainment of a linear C02 re lease 
pattern indicates that the diffusion of glucose was not limit-
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Figure 1: Cumulative release of Heoz from tissue discs fed [U-'·C]-
glucose over a 3 or 3.5h labelling period. A. internode 4 tissue, B. 
internode 9 tissue (n = 3) . Solid line indicates the results of a linear 
regression analysis on the data after 90 minutes (A), and after 60 
minutes (B) , of CO, release 
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Table 3: Concentration and specific activity of endogenous pools after 3h labelling with [U-"C]-gJucose, n = 3 
Sugar concentration (jJmoJ mg protein") Specific activity (8q nmol") 
Internode number 
3 
9 
Endogenous glucose 
7.51 ± 3.49 
5.34 ± 2.39 
Endogenous sucrose 
2.10±073 
90.18 ± 16.60 
ed by the dis lance between the periphery and core of Ihe tis-
sue, even in the discs derived from the young internodes (a 
layer of 8 cells). Furthermore, this result indicates that iso-
lope (sugar) avai labil ity did not become limiting and is fur-
Iher justified by the observalion Ihal uptake remained con-
stanl during the labelling period. The linear release of " CO, 
may also be interpreted to suggest that continuous dilution 
of Ihe high specific aclivity sugar pools in the cytosol, from 
the low specific activity storage pools in the vacuole, proba-
bly occurred at a very low rate. 
The CO, release is an indica lion of glycolysis, the OPP 
palhway or pentan synthesis (ap Rees and Hill 1994) and 
we, therefore, assume that all these reactions are approach-
ing steady slate wilh the cylosolic glucose pool during the 3h 
labelling period. However, it is conceivable that one or more 
of these routes are occurring at a very slow rate and as a 
resu ll their contribution to lotal CO, is 100 small to accurate-
ly measure. Previous work has indicated that a significant 
labelling of the organic acid and amino acid pools occur 
(Whittaker and Botha 1996) so we assume thai isotopic 
steady state between the cytosolic glucose and Ihe glycolyt-
ic intermediates , at least, has been reached . It should, there-
fore, be possible 10 use the external specific aclivily of glu-
cose in the medium to determine carbon flux in tissue discs. 
However, Ihis will not allow for Ihe calculation of fluxes in 
sub-cellular compartments, since it is possible that both 
cytosolic and plastidic glycolysis (ap Rees and Hill 1994) 
can occur in the sugarcane culm. 
The facllhal the specific aclivity of Ihe exlernal glucose is 
much higher than Ihat of the internal glucose pools, despite 
Ihe apparent isotopic steady slate at least in part indicale 
sub-cellular pools of glucose. The data would be consistent 
wilh mosl of Ihe glucose, especially in the young internodes, 
being in the vacuole, which can be up to 90% of the cell vol-
ume (Komar 1994). The labelling patterns observed in glu-
cose and sucrose are also consistent wilh Ihe findings by 
Preisser ef al. (1992) , who showed Ihat glucose and fruclose 
accumulaled exclusively in the vacuole in the early stages of 
sugarcane cell suspension culture. Toward the end of the 
culture period, i.e. malurity, equal distribution of glucose and 
fruclose was found between the cytosol and the vacuole. 
Sucrose was reported not to be actively stored in the vac-
uole, but represented an equilibration of sucrose between 
Ihe cytosol and the vacuole, such thai regulalion of the 
cytosolic sucrose pool might influence sucrose storage in 
the vacuole. From this, il is evidenl thai the use of the inter-
nal specific activity of glucose should be avoided in Ihe cal-
culalion of metabolic flux in sugarcane . 
Exogenous glucose 
23 .05 ± 1.36 
23.05 ± 1.36 
Conclusions 
Endogenous glucose 
0.07 ± 0.02 
0.17 ± 0.08 
Endogenous sucrose 
1.25±0.16 
0.05 ± 001 
It is evident that radio labelling of tissue discs is an effective 
way to assess sugarcane metabolism in vivo. There are no 
significant changes in the sugar pools of the tissue discs 
when incubated in isosmotic buffer containing radioisotope 
and 5mM glucose and fruclose. Furthermore, no efflux of 
radiolabelied products was observed in the buffer following 
labelling indicating integrily of Ihe symplast. From these 
observations it is probable that there is no significant change 
in metabolism incurred by Ihe damage of surface layers of 
cells during sectioning of tissue discs. 
In addition, the estimalion of metabolic flux on a protein 
basis, removes the error incurred by changes in cell size 
wilh tissue maturity. For calculalions of metabolic flu x, the 
exogenous specific aclivily of the labelling substrate can be 
used. The reason for this is two-fold . Firstly, glucose, fruc-
tose and sucrose appear to be compartmented in vivo, 
which would cause an underestimation of the specific activ-
ily of a cytosolic glucose pool for melabolic flux analysis. 
Secondly, " COHelease data indicates that the cytosolic 
intermediates of respiration approach isotopic equilibrium 
during the labelling period. In turn, Ihis means that the 
cytosolic glucose pool is close to isotopic equilibrium with 
the exogenous glucose pool. 
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